Poly(A ؉ ) RNA was extracted from the temporal lobe (TL) of medically intractable epileptic patients which underwent surgical TL resection. Injection of this mRNA into Xenopus oocytes led to the expression of ionotropic receptors for ␥-aminobutyric acid (GABA), kainate (KAI) and ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA). Membrane currents elicited by GABA inverted polarity at ؊15 mV, close to the oocyte's chloride equilibrium potential, were inhibited by bicuculline, and were potentiated by pentobarbital and flunitrazepam. These basic characteristics were also displayed by GABA currents elicited in oocytes injected with mRNAs isolated from human TL glioma (TLG) or from mouse TL. However, the GABA receptors expressed by the epileptic TL mRNA exhibited some unusual properties, consisting in a rapid current run-down after repetitive GABA applications and a large EC 50 (125 M). AMPA alone evoked very small or nil currents, whereas KAI induced larger currents. Nevertheless, upon cyclothiazide treatment, AMPA elicited substantial currents that, like the KAI currents, were inhibited by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). Furthermore, the glutamate receptor 5 (GluR5) agonist, ATPA, failed to evoke an obvious current although both RT-PCR and Western blot analyses showed GluR5 expression in the epileptic TL. Oocytes injected with mouse TL or human TLG mRNAs generated KAI and AMPA currents similar to those evoked in oocytes injected with epileptic TL mRNA but, in contrast to these, the mouse TL and human TLG oocytes were also responsive to ATPA. Our findings are in accord with the concept that both a depression of GABA inhibition and a dysfunction of the KAI-receptor system maintain a high neuronal excitability that results in epileptic seizures.
pilepsy is a large group of heterogeneous neurological disorders characterized by recurrent seizures, with several types of currents activated simultaneously in many neurons. Specifically, in focal epilepsy (FE) the seizures develop in localized areas of a cerebral hemisphere. Most FE patients undergo substantial benefit following optimal treatments with antiepileptic drugs. However, patients with medically intractable temporal lobe focal epilepsy (TLE) are seizure-free only after resective surgery. Several approaches, including histology, electrophysiology, molecular biology, immunohistochemistry, and genetics have been used extensively to decipher the pathogenesis of epilepsies, yielding the general view that a dysfunction of voltage-activated and͞or ligand activated-receptor channels may be involved in epilepsies (1) (2) (3) (4) (5) .
Taking advantage of the temporal lobectomy of patients afflicted with TLE, we have now ''transplanted'' transmittergated receptors from the human epileptic brain to Xenopus oocytes. It is well known that Xenopus oocytes injected with brain mRNAs of many species are able to express many types of functional neurotransmitter receptors, due to translation of the exogenous mRNA by the oocyte's own protein synthesizing machinery (6, 7) . Here we give evidence that Xenopus oocytes injected with poly(A) ϩ RNA extracted from the human epileptic temporal lobe and hippocampus, express functional ionotropic ␥-aminobutyric acid type A (GABA A ) as well as glutamate receptors (GluRs) with properties worthy of further investigation. This study opens previously unexplored avenues toward the diagnosis and treatment of epileptic patients.
Materials and Methods
Patients Selection. Patients with intractable TLE were selected for surgery on the basis of crisis frequency or impairment of the quality of life. Patients underwent surgery with two alternative surgical procedures: (i) the standard temporal lobectomy with removal of amygdala, hippocampus, parahippocampal gyrus up to the edge of the tentorium, and lateral cerebral cortex (4.5 cm behind the temporal tip in the dominant hemisphere or 6 cm in the nondominant one) and (ii) the amygdalohippocampectomy associated to the removal of the temporal tip. The human brain tissue (1-2 g weight in average) was frozen and processed for mRNA extraction 1 day after removal. The operation freezing time ranged between 30 s and 3 min. All procedures for human tissue were performed with the informed consent of the patients and were approved by the Ethics Committee of the Faculty of Medicine, University of Rome ''La Sapienza.'' The patients underwent presurgical diagnostic identification of the epileptogenic focus based on clinical, video-electroencephalogram (EEG) and MRI reports. Briefly, all patients were evaluated with neuropsychological and psychiatric tests and all patients underwent continuous long-term intensive video-EEG monitoring (Telefactor Instruments, Philadelphia). Medications were tapered down, and sleep deprivation was used to facilitate seizure occurrence during recording sessions. The video-EEG recording techniques, performed via colloid fixed scalp electrodes, were in agreement with international guidelines developed by the American Electroencephalographic Society. Scalp EEG recordings were performed by using bipolar longitudinaltransverse and referential montages and, using a high definition monitor and filter settings, they were visually evaluated to detect background abnormalities, interictal slow and epilepticform activity, ictal changes, and postictal slowing. During and after seizures, the patients were monitored to examine auras, language dysfunction, loss of contact, automatisms, and subtle motor and sensory symptoms possibly disrupted by epileptic discharges.
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Patients were also examined by using 0.5-1.5 T MRI, with T1-and T2-weigthed axial, coronal, and sagittal sections, and fluidattenuated inversion recovery (FLAIR) images. Table 1 summarizes the clinical profiles of the 11 patients studied. All of these patients were seizure free when a follow up was done 2-6 months after surgery.
For comparative purposes, we used temporal lobe oligodendrogliomas (Grade II, TLG) from two not epileptic patients (not included in Table 1 ) that underwent surgery for removal of the tumor and thin nervous tissue regions around it, and we used the TL from 10 mice.
Protein Extracts and Immunoblot Analysis. Neocortical tissues from patients that underwent brain surgery were homogenized in ice-cold lysis buffer (50 mM Tris⅐HCl, pH 8͞5 mM EDTA, pH 8͞250 mM NaCl͞0.1% Triton X-100͞50 mM NaF͞0.1 mM sodium orthovanadate͞1 mM phenylmethylsulfonylfluoride). The cell lysates were cleared by centrifugation at 15,000 rpm for 20 min at 4°C in a Microfuge R (Beckman), and protein concentration was determined by BCA assay (Pierce). For immunoblots, 40 g of total protein were loaded on a 10% SDS͞polyacrylamide gel and transferred onto nitrocellulose membranes. Blots were probed with primary antibodies against GluR5 and GluR6͞7 receptors (Santa Cruz Biotechnology), and specific signals were detected with horseradish peroxidase secondary antibodies (Sigma) by a chemiluminescence reaction (ECL, Amersham Pharmacia).
mRNA Preparation and RT-PCR. About 1 g of temporal neocortex frozen specimens, from TLE patients, were quickly homogenized in lysis buffer by using an Ultra-Turrex T8 homogenizer (IKA, Germany), and mRNA was extracted by using a Fast Track poly(A) ϩ RNA isolation kit (Invitrogen). The poly(A) ϩ RNA was dissolved in water (Х1 g/l) and used directly or stored at Ϫ80°C. The same experimental procedures were followed to extract mRNA from human TLG (two patients) and from mouse TL (10 DBA mice). First-strand cDNA, synthesized by using 150 ng of poly(A) ϩ RNA (First Strand cDNA Synthesis kit, Amersham Pharmacia Biosciences), was used for PCR amplification with specific primers designed to amplify the coding regions of GluR5-7 receptor subunits.
Oocyte Injection. Preparation of Xenopus laevis oocytes and mRNA injection procedures were detailed elsewhere (8) . Oocytes were injected with 50-100 ng of poly(A) ϩ RNA and maintained in modified Barth's solution at 16°C until electrophysiological recordings were performed. As control, some oocytes were injected with 100 nl of water.
Voltage-Clamp Recordings. Membrane currents were recorded 5-7 days after injection, using two microelectrodes filled with 3 M KCl (9) . Unless otherwise indicated, the oocyte membrane potential was held at Ϫ80 mV and perfused continuously, 10-11 ml/min, with oocyte Ringer's solution (82.5 mM NaCl͞2.5 mM KCl͞2.5 mM CaCl 2 ͞1 mM MgCl 2 ͞5 mM Hepes, adjusted to pH 7.4 with NaOH) at room temperature (20-22°C). To obtain dose͞response relations, the neurotransmitters were applied, at 5 min intervals, to the oocytes held at Ϫ60 mV. The time for 10% decay (T 0.1 ) of the membrane current, that is the time taken for the current to decay from its peak to 90%, was used to estimate the rate of receptor desensitization. The half dissociation constant (EC 50 ) of GABA, ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainic acid (KAI), and the half-inhibitory concentration (IC 50 ) of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were estimated by fitting the data to Hill equations, using least-square routines (see ref. 8) .
Solution exchange was achieved by using electromagnetic valves and a computer controlled perfusion system (Biologique, France). Current-voltage relationships were constructed stepping the membrane potential for 2-5 min to the desired value before applying the transmitter. Drugs were applied by adding them to the superfusing fluid, and all were from Sigma, except for AMPA, KAI, 2-amino-3-(3-hydroxy-5-tert-butylisoxazol-4-yl)propanoic acid (ATPA), cyclothiazide (CTZ), and bicuculline (Bic) (Tocris Neuramin, Bristol, U.K.).
Results

Functional Expression of Human Neurotransmitter
Receptors. Injections of Xenopus oocytes with mRNAs isolated from the temporal lobe of 9 (nos. 1-9 in Table 1 ) out of 11 patients studied caused the synthesis and oocyte membrane incorporation of several types of transmitter-activated receptor channels. These human mRNA-injected oocytes were responsive to GABA, AMPA, and KAI, but they did not generate currents when exposed to either serotonin or nicotine. Injections of mRNA derived from the brain of the two remaining patients (nos. 10 and 11 of Table 1 ) did not lead to the expression of functional receptors. Interestingly, both patients showed extended gliosis, although the possibility of some RNA degradation during the preparative procedures cannot be excluded.
GABA Currents. Application of GABA (1 mM) to oocytes injected with TLE mRNA elicited inward membrane currents, whereas control (noninjected) oocytes showed no obvious responses to GABA. The GABA currents decayed with T 0.1 ranging between 0.2 and 1.57 s (T 0.1 ϭ 0.89 Ϯ 0.13; mean Ϯ SEM.; 13 oocytes, 4 donors, 13͞4) and their peak amplitude decreased after repetitive applications. Compared to oocytes injected with human TLG and mouse TL mRNAs, the GABA currents from oocytes injected with TLE mRNA showed a similar decay (mouse TL, T 0.1 ϭ 1.01 Ϯ 0.24; human TLG, T 0.1 ϭ 0.78 Ϯ 0.16) but exhibited a faster rundown during repetitive GABA applications (Fig. 1A) . Interestingly, the same applied to oocytes injected with TL ganglioglioma mRNA (patient 9, Table 1 ).
The amplitude of the membrane current elicited by GABA increased with the GABA concentration, and the GABA current was inhibited by the classical competitive blocker Bic with IC 50 and n H values of 5.2 M and 1.1, respectively (Fig. 1B) . These values are similar to those reported for oocytes injected with mRNA from postnatal day 10 and adult rat cortices (10, 11) and for cultured embryonic mouse neurons (12) . GABA dose͞ current-response curves, fitted to Hill equation, gave n H and EC 50 values of 1.2 and 125 M, respectively (Fig. 1C) . The latter value was considerably larger than many EC 50 values reported in the literature (11) (12) (13) (14) (15) (16) (17) , but similar to the EC 50 found with TL ganglioglioma mRNA (patient 9, Table 1 ; not shown).
The GABA current decreased in size as the oocyte was depolarized and inverted direction at about Ϫ15 mV (Fig. 1D) , which is close to the Cl Ϫ equilibrium potential in Xenopus oocytes. As the potential was made more negative the GABAcurrent amplitude increased to a maximum at about Ϫ100 mV, but did not increase more with further hyperpolarization. Moreover, the GABA-current amplitude was greatly potentiated when GABA was applied together with pentobarbital (PB) or with flunitrazepam (FLU); and the potentiation was greater if the oocytes were pretreated with FLU (Fig. 2) . Specifically, both PB (100 M) and FLU (0.3 M, pretreated for 5 s) increased by 2.3-or 2.1-fold, respectively, the currents evoked by 50 M GABA (8 oocytes, 3 donors; patients 1-6, Table 1 ). All this is in agreement with previous observations in oocytes expressing rat brain GABA A receptors (16, 17) .
Interestingly, these GABA receptors functional properties, GABA affinity and current rundown, and those reported below for the glutamate receptors were similar to those of the same receptors expressed by the TL mRNA from patient 9 ( Table 1 ), suggesting that the epileptic seizures parallel altered receptor properties.
AMPA Currents. Oocytes injected with human TLE mRNA responded to AMPA (50-100 M) with very small currents (Ͻ10 nA) or not at all. However, if these oocytes were pretreated for 30 s with the allosteric potentiator CTZ (20 M) (18), they consistently showed relatively large inward AMPA currents. These currents were blocked by CNQX, the selective antagonist of non-NMDA (N-methyl D aspartate) type GluRs, with IC 50 and n H values of 0.45 M and 1.37, respectively (Fig. 3A) . The mean concentration of AMPA required to elicit the half maximal response was 14.5 M, and the n H was 1.1 (Fig. 3B) , both values being similar to those reported for rat neurons (19, 20) . The reversal potential of the AMPA current was about Ϫ7 mV and the I-V relation was fairly linear being slightly bent at positive potentials (Fig. 3C) . Thus, these findings show that the mRNA from human TLE tissue induced the oocytes to acquire functional AMPA receptors whose desensitization is potently modulated by CTZ, a drug known to decrease the rate of AMPA receptor desensitization (18, 21) .
KAI Currents. The TLE-oocytes also acquired kainate receptors; and KAI currents became detectable at concentrations of about 10 M, peaked at about 3 mM and became smaller with larger doses (Fig. 4A) , presumably because of the receptor desenzitization. The dose͞response relation gave EC 50 and n H values of 235 M and 1.1, respectively (Fig. 4A) , which are in agreement with those reported previously for KAI receptors induced by rat (22, 23) and human brain mRNAs (24, 25) .
The KAI currents were potently blocked by CNQX. As illustrated in Fig. 4B , CNQX blocked the response to KAI (200 M) with IC 50 and n H values of 1.32 and 1.1 respectively, in agreement with values found in oocytes injected with human brain mRNA (25) . As was the case for AMPA currents, the I-V relation for the KAI-currents was linear; and the reversal potential was at about Ϫ4 mV (Fig. 4C) . This value is similar to the reversal potential for the KAI current in oocytes injected with mRNA from human brain (25, 26) .
Oocytes injected with TLE mRNA from patients 1-9 (e.g., Fig.  5A ) were unresponsive to ATPA (50-500 M), which is considered to be a potent and specific agonist of human GluR5 receptors (27) . Nevertheless, mRNA encoding the GluR5 subunit was detected by RT-PCR analysis of the poly(A ϩ ) RNA used for the oocyte injections (Fig. 5B) ; and Western blot analysis (Fig. 5C) gave evidence of the expression of GluR5-7 receptors in the TL of the same epileptic patients. Therefore, we conclude that GluR5 is expressed in the epileptic TL, but the receptors are unable to generate currents when ''transplanted'' into oocytes.
Responses from Oocytes Injected with Mouse TL or Human TLG mRNAs.
Experiments were done to compare the TLE mRNA-injected oocytes with oocytes injected with mRNA extracted from either mouse TL or human TLG. Oocytes injected with mouse TL exhibited GABA dose-current response relations with an EC 50 of 28.5 M and an n H of 1.6 (Fig. 6A) ; whereas oocytes injected with TLG mRNA gave an EC 50 of 36 M and an n H of 1.1 (Fig.  6B ). Both EC 50 values were much smaller than the one obtained in oocytes injected with TLE mRNA (Figs. 1C and 6B) . In other experiments, the sensitivity of mouse and TLG oocytes to the glutamate agonists, KAI, AMPA, and ATPA, was examined. All of the oocytes tested (10͞3) responded with currents to AMPA Ͼ KAI Ͼ ATPA (Fig. 6 C and D) . This indicates that the oocytes injected with either mouse TL or human TLG mRNA express functional AMPA and KAI receptors, including the GluR5 receptors. Interestingly, height oocytes (two donors) injected with TLE brain membranes (28) from patients 2 and 3 (Table 1) gave similar results as those obtained after mRNA injections (data not shown).
Discussion
Medically intractable TLE is a relatively common adult seizure disorder of uncertain ethiology. Evidence from animal models, and from human studies, suggests that altered expression of ionotropic GABA A and GluRs may contribute to the pathophysiology of TLE (2, 29) . To study in more detail the neurotransmitter receptors of the epileptic brain, we decided to see whether it was possible to transfer the receptors from human brain tissue, surgically resected from intractable TLE patients, into the membrane of Xenopus oocytes.
We found that oocytes injected with human TLE mRNA consistently express GABA A , and both AMPA-type and KAI-type glutamate receptors. Some functional properties of the GABA A receptors appear to be the normal ones; namely, the GABA current reversal at a potential close to the Cl Ϫ equilibrium potential; the competitive bicuculline block and the barbiturate and benzodiazepine potentiation of the GABA currents. However, some other properties of the GABA receptors expressed by the TLE mRNA are special. For example, in oocytes injected with TLE mRNA the GABA currents exhibited a faster and more pronounced rundown than the GABA currents elicited in oocytes injected with human TLG or mouse TL mRNA. In addition, the affinity for GABA is much smaller than that found in native nerve cells or in heterologous cell expression systems (11) (12) (13) (14) (15) (16) (17) . Interestingly, it has recently been reported that a mutation of the ␣1 subunit of GABA A receptors in an autosomal dominant form of human juvenile myoclonic epilepsy impairs considerably the receptor affinity (30) . The unusual GABA A receptor behavior reported here could be due to GABA receptor mutations (3, 17, 30) or to altered dynamic regulation (31) . etc. Whatever turns out to be the basis of the abnormal GABA-receptor function, the present findings may provide an avenue for understanding better the role of the GABAergic system in TLE.
It is interesting to note that GluR5 receptors are expressed in the TLE brain; but the GluR5 transcripts of the same epileptic brain fail to express functional receptors when injected into the oocytes. In contrast, mouse TL and human TLG mRNAs do express functional GluR5 receptors in the oocytes. The reasons for this difference could be many, including receptor mutations or posttranscriptional modifications. However, it should be noted that in oocytes injected with membranes (28) prepared from the temporal neocortex of two TLE patients (patients 2 and 3 of Table 1 ), we obtained GABA and ATPA sensitivities similar to those found in oocytes injected with TLE mRNA. These findings indicate that both the unusual properties of GABA A receptors and the expression of ''silent'' GluR5 receptors are unlikely to be related to altered posttranslational processes or to receptor modulation by host membrane proteins and lipids. Interestingly, changes in receptor editing during seizures may be a reason for altered receptor activity (32) .
The mechanism of drug resistance in TLE is still an open question. Our findings indicate that the benzodiazepine resistance in TLE cannot be strictly attributed to the GABA receptor dysfunction, because we found that the ''epileptic'' GABA receptor is positively modulated by both pentobarbital and flunitrazepam; findings that are in agreement with the reported benzodiazepine sensitivity of TLE neurons (33) . Therefore, it is likely that TLE drug resistance may depend on a variety of factors, including modulation of the blood-brain barrier permeability (34). 
